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(57) ABSTRACT 

The present invention is generally directed to micro?uidic 
systems and methods of using such systems in the determi 
nation of the nucleotide sequence of target nucleic acid 
sequences (referred to herein as the “target”). In particular, 
the present invention provides methods and systems for 
determining the relative positions Within a target nucleic 
acid sequence that are occupied by a given nucleotide, e.g., 
A, T, G or C, by separating mixtures of nested sets of 
fragments of the target nucleic acid, Which sets each include 
fragments that terminate in a different given nucleotide. 
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APPARATUS AND METHODS FOR SEQUENCING 
NUCLEIC ACIDS IN MICROFLUIDIC SYSTEMS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation of US. patent 
application Ser. No. 09/598,807, ?led Jun. 21, 2000, Which 
is a continuation of US. patent application Ser. No. 09/334, 
527, ?led Jun. 16, 1999, now US. Pat. No. 6,107,044, Which 
is a continuation of US. patent application Ser. No. 08/953, 
005, ?led Oct. 16, 1997, now US. Pat. No. 5,958,694, the 
full disclosures of Which are incorporated herein by refer 
ence in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] The basic foundation of life is built around the 
transmission of information, Whether from cell to cell or 
from generation to generation. The transmission of this 
information is carried out by fundamental building blocks of 
biological organisms including proteins, nucleic acids and 
the like. Accordingly, attempts to understand biological 
processes, variations in those processes and effectors of 
those processes, have naturally focused upon these building 
blocks to provide the information necessary for that under 
standing. 
[0003] In the ?eld of nucleic acid analysis, there have been 
developed a number of methods and systems for determin 
ing the sequence of nucleotides in a given nucleic acid 
polymer. For example, in the 1970s, Maxam and Gilbert 
developed a method of sequencing nucleic acid polymers by 
the selective chemical cleavage of the overall polymer. 
Maxam and Gilbert, Proc. Nat’l Acad. Sci., 74:560-564 
(1977). Speci?cally, labeled nucleic acids Were preferen 
tially and partially cleaved after one of the four nucleotides 
to create a nested set of fragments terminating in the 
particular nucleotide. Different conditions are applied to 
cleave after each of the four nucleotides creating corre 
sponding nested sets. The fragments produced from the four 
different treatments Were then separated in four different 
lanes on a conventional polyacrylamide slab gel. Reading 
the bands on the gel in ascending order, one essentially reads 
off the sequence of the nucleic acid. 

[0004] A reverse approach Was presented by Sanger et al., 
Proc. Nat’lAcad. Sci., 74:5463-5467 (1977), Where the four 
nested sets of fragments of the nucleic acid polymer Were 
produced by transcription in the presence one of four chain 
terminating dideoxynucleotide analogs. In particular, tran 
scription of a nucleic acid template strand in the presence of 
the four deoxynucleoside triphosphates (dNTPs) and one 
dideoxynucleoside triphosphate analog (ddNTP) results in 
the production of a nested set of fragments terminating in the 
one ddNTP. Speci?cally, during transcription, the occasional 
incorporation of the ddNTP into the sequence terminates the 
transcription process at that nucleotide. This process is 
repeated With each of the four different ddNTP analogs. 

[0005] While these methods have proven effective in 
determining sequence information, the use of slab gels and 
the reading processes are laborious and time consuming. 
Smith et al., US. Pat. No. 5,171,534, reports the use of four 
dideoxynucleotide analogs in sequencing operations, 
Wherein each different dideoxynucleotide is labeled With a 
spectrally distinguishable ?uorescent moiety, in the method 
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of Sanger, above. The four nested sets are produced using 
these dideoxynucleotides, Whereupon each set bears a spec 
trally resolvable label. All four sets are then siZed in a single 
pass through a gel ?lled capillary, permitting the separation 
of the fragments based upon siZe. Fragments from each set 
are then distinguished of from one another by virtue of 
?ltering optics speci?c for the emission spectra of each 
resolvable label. 

[0006] Again, While the use of differently labeled nested 
fragment sets provides advantages over previously used 
systems, sequencing by these methods still requires a sub 
stantial amount of labor, as Well as substantial expense in 
purchasing the necessary equipment, eg separations and 
detection equipment. Further, different ?uorescent labels 
typically have different excitation spectra. As such, use of a 
single excitation light source in exciting and detecting all of 
four different labels, e.g., in the method of Smith et al., 
results in less than optimal quantum yields for each of the 
labels used. Speci?cally, the excitation light source is typi 
cally not optimiZed for all of the ?uorescent groups. 

[0007] The present invention, on the other hand, provides 
a substantially loW cost method and system for sequencing 
nucleic acids, Which system is readily automatable and 
integratable With upstream or doWnstream processes. 

SUMMARY OF THE INVENTION 

[0008] The present invention generally provides microf 
luidic devices and systems, as Well as methods of using such 
devices and systems in the determination of the nucleotide 
sequences in target nucleic acids. 

[0009] In a ?rst aspect, the present invention provides a 
micro?uidic system for determining relative positions in a 
target nucleic acid sequence that are occupied by a given 
nucleotide. The system comprises a microscale separation 
channel having ?rst and second ends for separating nucleic 
acid fragments by siZe. The system also comprises a ?rst 
source of a ?rst nested set of fragments of the target nucleic 
acid sequence, in ?uid communication With the separation 
channel, Where each of the fragments in the ?rst nested set 
terminates at a different position occupied by the given 
nucleotide. Also included is a second source of a second 
nested set of fragments of the target nucleic acid sequence 
in ?uid communication With the separation channel, Where 
each of the fragments in the second nested set terminates in 
a nucleotide different from the given nucleotide. The system 
also comprises a means for mixing a ?rst concentration of 
the ?rst nested set With a second concentration of the second 
nested set in a ?rst mixture, Where the ?rst concentration 
being determinably different from the second concentration. 
Further, the system comprises a means for injecting a portion 
of the ?rst mixture into the separation channel and trans 
porting the portion through the separation channel to sepa 
rate the fragments from the nested sets. Also included is a 
detector for detecting the separate fragments of the ?rst and 
second nested sets in the separation channel. In preferred 
aspects, the transport of materials, e.g., nested sets of 
fragments, through the various channels is carried out using 
a controlled electrokinetic material transport system. 

[0010] In another preferred aspect, the sources of the 
nested sets of fragments are integrated into a single body 
structure With the microscale channels of the micro?uidic 
device or system. 
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[0011] In a related aspect, the present invention provides 
a method of determining positions in a target nucleic acid 
sequence occupied by a ?rst nucleotide. The method com 
prises providing a micro?uidic device according to the 
present invention. A?rst concentration of the ?rst nested set 
from the ?rst source is mixed With a second concentration of 
the second nested set from the second source to form a ?rst 
mixture, Wherein the ?rst and second concentrations being 
distinguishably different relative to each other. A portion of 
the ?rst mixture is transported through the separation chan 
nel to separate the fragments in each of the ?rst and second 
nested sets. The fragments separated in the transporting step 
are detected and the fragments from the ?rst nested set are 
distinguished from fragments from the second nested set 
based upon their relative concentration. The relative position 
Within the target nucleic acid sequence occupied by the ?rst 
nucleotide is then determined by comparing the siZe of 
fragments in the ?rst nested set relative to the siZe of 
fragments in the second nested set. 

BRIEF DESCRIPTION OF THE FIGURES 

[0012] FIG. 1 schematically illustrates the body structure 
and assembly of a micro?uidic device incorporating a lay 
ered body structure. 

[0013] FIG. 2 schematically illustrates the channel and 
port/reservoir geometry for a micro?uidic device that is 
useful in performing sequencing operations. 

[0014] FIG. 3 illustrates comparative plots of ?uorescent 
signal vs. time for fragments separated in the separation 
portion of the micro?uidic device of FIG. 2. 

[0015] FIG. 4 schematically illustrates an overall microf 
luidic system for performing sequence analysis of target 
nucleic acids. 

[0016] FIG. 5 illustrates one example of a process or 
softWare program for identifying nucleotides that occupy 
given positions Within a target nucleic acid sequence. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0017] The present invention is generally directed to 
micro?uidic systems and methods of using such systems in 
the determination of the nucleotide sequence of target 
nucleic acid sequences (referred to herein as the “target”). In 
particular, the present invention provides methods and sys 
tems for determining the relative positions Within a target 
nucleic acid sequence that are occupied by a given nucle 
otide, e.g., A, T, G or C. As used herein, the phrase “target 
nucleic acid sequence” is used to describe a nucleic acid 
polymer for Which the sequence of nucleotide monomers is 
sought. The target nucleic acid may include natural or 
unnatural nucleic acid monomers, DNA, RNA or derivatives 
thereof. In general, the methods and systems of the present 
invention employ selected mixtures of nested sets of frag 
ments of the target nucleic acid that is to be sequenced. 
Separation of these fragments by siZe and comparison of 
their relative concentrations permits the elucidation of the 
relative positions of speci?c nucleotides Within the overall 
target sequence. 

[0018] As noted, the above-described sequencing methods 
are carried out Within micro?uidic devices or systems. As 
used herein, the term “microscale” or “microfabricated” 
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generally refers to structural elements or features of a device 
Which have at least one fabricated dimension in the range of 
from about 0.1 pm to about 500 pm. Thus, a device referred 
to as being microfabricated or microscale Will include at 
least one structural element or feature having such a dimen 
sion. When used to describe a ?uidic element, such as a 

passage, chamber or conduit, the terms “microscale,”“mi 
crofabricated” or “micro?uidic” generally refer to one or 

more ?uid passages, chambers or conduits Which have at 
least one internal cross-sectional dimension, e.g., depth, 
Width, length, diameter, etc., that is less than 500 pm, and 
typically betWeen about 0.1 pm and about 500 pm. In the 
devices of the present invention, the microscale channels or 
chambers preferably have at least one cross-sectional dimen 
sion betWeen about 0.1 pm and 200 pm, more preferably 
betWeen about 0.1 pm and 100 pm, and often betWeen about 
0.1 pm and 20 pm. Accordingly, the micro?uidic devices or 
systems prepared in accordance With the present invention 
typically include at least one microscale channel, usually at 
least tWo intersecting microscale channels, and often, three 
or more intersecting channels disposed Within a single body 
structure. Channel intersections may exist in a number of 

formats, including cross intersections, “T” intersections, or 
any number of other structures Whereby at least tWo chan 
nels are in ?uid communication. 

[0019] The body structure of the micro?uidic devices 
described herein typically comprises an aggregation of tWo 
or more separate layers Which When appropriately mated or 
joined together, form the micro?uidic device of the inven 
tion, e.g., containing the channels and/or chambers 
described herein. Typically, the micro?uidic devices 
described herein Will comprise a top portion, a bottom 
portion, and an interior portion, Wherein the interior portion 
substantially de?nes the channels and chambers of the 
device. 

[0020] FIG. 1 illustrates an example of a tWo-layer body 
structure 10, for a micro?uidic device. In preferred aspects, 
the bottom portion of the device 12 comprises a solid 
substrate that is substantially planar in structure, and Which 
has at least one substantially ?at upper surface 14. Avariety 
of substrate materials may be employed as the bottom 
portion. Typically, because the devices are microfabricated, 
substrate materials Will be selected based upon their com 
patibility With knoWn microfabrication techniques, e.g., 
photolithography, Wet chemical etching, laser ablation, air 
abrasion techniques, injection molding, embossing, and 
other techniques. The substrate materials are also generally 
selected for their compatibility With the full range of con 
ditions to Which the micro?uidic devices may be exposed, 
including extremes of pH, temperature, salt concentration, 
and application of electric ?elds. Accordingly, in some 
preferred aspects, the substrate material may include mate 
rials normally associated With the semiconductor industry in 
Which such microfabrication techniques are regularly 
employed, including, e.g., silica based substrates, such as 
glass, quartZ, silicon or polysilicon, as Well as other substrate 
materials, such as gallium arsenide and the like. In the case 
of semiconductive materials, e.g., silicon, it Will often be 
desirable to provide an insulating coating or layer, e.g., 
silicon oxide, over the substrate material, and particularly in 
those applications Where electric ?elds are to be applied to 
the device or its contents. 
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[0021] In additional preferred aspects, the substrate mate 
rials Will comprise polymeric materials, e.g., plastics, such 
as polymethylmethacrylate (PMMA), polycarbonate, poly 
tetra?uoroethylene (TEFLONTM), polyvinylchloride (PVC), 
polydimethylsiloxane (PDMS), polysulfone, and the like. 
Such polymeric substrates are readily manufactured using 
available microfabrication techniques, as described above, 
or from microfabricated masters, using Well knoWn molding 
techniques, such as injection molding, embossing or stamp 
ing, or by polymeriZing the polymeric precursor material 
Within the mold (See US. Pat. No. 5,512,131). Such poly 
meric substrate materials are preferred for their ease of 
manufacture, loW cost and disposability, as Well as their 
general inertness to most extreme reaction conditions. 
Again, these polymeric materials may include treated sur 
faces, e.g., derivatiZed or coated surfaces, to enhance their 
utility in the micro?uidic system, e.g., provide enhanced 
?uid direction, e.g., as described in US. Pat. No. 5,885,470, 
and Which is incorporated herein by reference in its entirety 
for all purposes. 

[0022] The channels and/or chambers of the micro?uidic 
devices are typically fabricated into the upper surface of the 
bottom substrate or portion 12, or the loWer surface 20 of 
upper substrate 18, or a combination thereof, as microscale 
grooves or indentations 16, using the above described 
microfabrication techniques. The top portion or substrate 18 
also comprises a ?rst planar surface 20, and a second surface 
22 opposite the ?rst planar surface 20. In the micro?uidic 
devices prepared in accordance With the methods described 
herein, the top portion also includes a plurality of apertures, 
holes or ports 24 disposed therethrough, e.g., from the ?rst 
planar surface 20 to the second surface 22 opposite the ?rst 
planar surface. 

[0023] The ?rst planar surface 20 of the top substrate 18 
is then mated, e.g., placed into contact With, and bonded to 
the planar surface 14 of the bottom substrate 12, covering 
and sealing the grooves and/or indentations 16 in the surface 
of the bottom substrate, to form the channels and/or cham 
bers (i.e., the interior portion) of the device at the interface 
of these tWo components. Methods for bonding of substrates 
vary depending upon the make-up of the substrate. For 
example, thermal bonding techniques are typically utiliZed 
for silica-based substrates, Where the mated substrates are 
heated to temperatures in the range of from 500 to 1200° C. 
Alternatively, or in the case of polymeric substrates, adhe 
sives may be used to bond the mated substrates together. 
Polymeric substrates may also be bonded using sonic Weld 
ing techniques, as Well as more mild thermal techniques, 
e.g., bonding under temperatures in the range of 100 to 200° 

[0024] The holes 24 in the top portion of the device are 
oriented such that they are in communication With at least 
one of the channels and/or chambers formed in the interior 
portion of the device from the grooves or indentations in the 
bottom substrate. In the completed device, these holes 
function as reservoirs for facilitating ?uid or material intro 
duction into the channels or chambers of the interior portion 
of the device, as Well as providing ports at Which electrodes 
may be placed into contact With ?uids Within the device, 
alloWing application of electric ?elds along the channels of 
the device to control and direct ?uid transport Within the 
device. 
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[0025] In many embodiments, the micro?uidic devices 
Will include an optical detection WindoW disposed across 
one or more channels and/or chambers of the device. Optical 
detection WindoWs are typically transparent such that they 
are capable of transmitting an optical signal from the chan 
nel/chamber over Which they are disposed. Optical detection 
WindoWs may merely be a region of a transparent cover 
layer, e.g., Where the cover layer is glass or quartZ, or a 
transparent polymer material, e.g., PMMA, polycarbonate, 
etc. Alternatively, Where opaque substrates are used in 
manufacturing the devices, transparent detection WindoWs 
fabricated from the above materials may be separately 
manufactured into the device. 

[0026] The micro?uidic devices for use With the methods 
described herein, typically comprise a body structure, as 
described above, Which includes a separation channel or 
column disposed therein, for separating nucleic acid 
sequences by siZe. In order to optimiZe separation of nucleic 
acid molecules, the separation channel generally includes an 
appropriate separation matrix disposed therein. Typically, 
such separation matrices include a high molecular Weight 
polymer solution, e.g., betWeen about 5 and 200 Kd, Which 
polymer bears an appropriate charge to nullify or signi? 
cantly reduce any charge on the Wall surface of the separa 
tion channel, Which can result in excessive electroosmotic 
?oW Within the separation channel. Typically, the separation 
matrix Will include an acrylamide polymer, hydroxymethyl 
cellulose, or agarose. In preferred aspects, the matrix 
includes a methylacrylamide polymer and more particularly, 
a dimethylacrylamide polymer. Examples of such polymers 
include, e.g., the polymers described in US. Pat. Nos. 
5,126,021, 5,164,055, 5,181,999, 5,264,101, 5,290,418, 
5,374,527, 5,468,365, 5,552,028, and 5,567,292, all of 
Which are incorporated herein by reference. Such polymers 
are generally commercially available, e.g., from Perkin 
Elmer/Applied Biosystems, Inc. 

[0027] The separation matrix or polymer is typically intro 
duced into the channels of the micro?uidic device by placing 
the polymer solution in one Well of the device and alloWing 
capillary action to draW the polymer through the channels of 
the device. Slight pressure is optionally added to ensure 
adequate ?lling of the channels. 

[0028] The micro?uidic devices and systems for use in 
accordance With the methods described herein, also include 
a source of a solution containing a ?rst nested set of 
fragments of the target nucleic acid sequence and at least a 
source of a solution containing a second nested set of 
fragments of the target nucleic acid sequence. Optionally, 
the devices and systems Will include separate sources of 
third and fourth nested sets of fragments. Each of these 
fragment sources is in ?uid communication With the micros 
cale separation channel. In preferred aspects, these fragment 
sources are in ?uid communication With the separation 
channel via a common injection channel, Where the injection 
channel intersects the separation channel. Typically, the 
sources of fragments of the target are integrated into the 
body structure of the micro?uidic device, as a reservoir or 
port disposed through the body from the exterior to the 
interior portion, e.g., as described above. 

[0029] The ?rst nested set of fragments of the target 
nucleic acid sequence comprises a plurality of different 
fragments of the target, Where each fragment terminates in 
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a given or selected nucleotide, e.g., A, T, G or C or analogs 
thereof, i.e., ddNTPs, labeled ddNTPs, and boronated NTPs 
and labeled boronated NTPs. For example, a ?rst fragment 
in the ?rst nested set comprises a portion of the target and 
terminates at a particular position Within the target that is 
occupied by an A. Asecond fragment includes the entire ?rst 
fragment, but extends to the next position in the sequence 
occupied by an A, at Which point the fragment terminates. 
The second nested set of fragments comprises a plurality of 
fragments Where each fragment terminates in a nucleotide or 
nucleotide analog that is different from the terminating 
nucleotide of the ?rst set. In particular, assuming the ?rst 
nested set includes the nested set of fragments that terminate 
in A, then the second nested set includes the fragments 
terminating in T, G and/or C. Optionally, sources of third and 
fourth nested sets of fragments are provided, e.g., in their 
appropriate reservoirs, in ?uid communication With the 
injection channel. In this instance, the second nested set of 
fragments includes fragments that terminate in a nucleotide 
different from the ?rst nested set, the third nested set of 
fragments includes fragments that terminate in a nucleotide 
different from the ?rst and second nested sets, and the fourth 
nested set of fragments terminates includes fragments that 
terminate in a nucleotide different from the ?rst, second and 
third sets. In terms of the example provided above, the 
second set of fragments Would terminate in T, While the third 
and fourth sets terminate in G and C, respectively. 

[0030] The solutions containing the nested sets of frag 
ments of the target sequence, as described above, are typi 
cally prepared according to known methods, see Sanger et 
al., supra, and Porter et al., Nucleic Acids Res. 25(8):1611 
1617. Alternatively, the Maxam and Gilbert methods may be 
employed. In the latter instance, the nested sets may termi 
nate in a nucleotide immediately adjacent to the selected 
nucleotide. This is a result of cleaving aWay the nucleotide 
of interest during the cleavage process, i.e., When sequenc 
ing in the 5‘ to 3‘ direction Where the 5‘ terminus is labeled, 
the nucleotide of interest may remain With the unlabeled 3‘ 
fragment, and thus, not be subject to detection. By imme 
diately adjacent is meant a nucleotide that is in the adjacent 
position to the nucleotide of interest (the selected nucle 
otide). 
[0031] A selected mixture of fragments from each of the 
nested sets is prepared such that one nested set of fragments 
is at a concentration that is detectably different from the 
other fragment sets present in the mixture. This is also 
termed an “offset concentration.” By a “detectably different 
concentration,” is generally meant that upon detection, e.g., 
folloWing separation, fragments of one nested set Will pro 
duce a signal intensity that is statistically different, either 
higher or loWer, than the signal intensity produced by 
fragments from the other nested sets or sets. Typically, the 
detectably different concentration Will yield a signal inten 
sity that is greater than a factor of 2 different from the signal 
of any of the other nested sets, e.g., less than half the signal 
or greater than tWice the signal. Preferably, the detectably 
different concentration Will be greater than a factor of greater 
than at least 3, more preferably at least 4, still more 
preferably, greater than at least 5, and in many cases, a factor 
of greater than at least 10 different from the signal of any of 
the other nested sets, e.g., less than one tenth the signal or 
greater than ?ve times the signal, and more preferably, 
greater than a factor of 10 different from the other signals, 
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e.g., less than one tenth or greater than ten times the signal 
intensity from the other nested sets. 

[0032] A portion of the selected mixture is then injected 
into the separation channel and the various fragments 
present therein are separated and detected. Because one 
nested set is injected at a detectably different, e.g., greater, 
concentration than the other nested sets, the separated frag 
ments from this set produce detectably different, e.g., larger, 
signal peaks from those of the other fragments, permitting 
their ready identi?cation. Further, as the overall mixture 
represents the nested set of fragments of the target, i.e., 
representing each single nucleotide extension, comparison 
of the elution pro?le, or relative molecular Weight, of the 
larger signal peaks With the smaller peaks alloWs a deter 
mination of the positions in the overall target sequence that 
are occupied by the nucleotide that is at the terminus of the 
fragments in the ?rst nested set. Thus, the smaller peaks 
function as a single nucleotide siZing ladder or internal 
standard for ordering the fragments from the ?rst nested set. 
This separation, detection and ordering is repeated With 
different selected mixtures of the various nested sets of 
fragments, so as to order the fragments from the other nested 
sets, and thereby determine the positions in the target 
sequence that are occupied by the terminal nucleotides of 
those fragments 

[0033] Although described in terms of performing three or 
four different separation, detection and ordering stages, it 
Will be readily appreciated that feWer stages can be utiliZed. 
Speci?cally, the selected mixture of fragments optionally 
includes the various nested sets of fragments, Where each set 
of fragments is present at a detectably different concentra 
tion than all other nested sets. Thus, Within a selected 
mixture, the ?rst nested set is present at a ?rst concentration, 
While the second nested set is present at a second concen 
tration that is detectably different from the ?rst. The third 
nested set s present at a concentration that is detectably 
different from both the ?rst and second sets, and the fourth 
nested set is present at yet a further different concentration, 
e.g., detectably different from the ?rst, second, and third 
sets. Variations on this format are also embodied in the 
methods described herein, e.g., Where tWo of the four nested 
sets have detectably different concentrations and tWo do not, 
thus reducing the total number of separation, detection and 
ordering stages required, i.e., from 4 to 2. 

[0034] The devices and systems gain substantial ease of 
use and automatability through the use of controlled elec 
trokinetic material transport systems. In brief, these systems 
controllably mix the various nested sets of fragments, trans 
port the mixture to the separation channel, and inject a 
portion of that mixture into the separation channel to sepa 
rate out the constituent fragments. “Electrokinetic material 
transport” refers to systems Which transport and direct 
materials Within an interconnected channel and/or chamber 
containing structure, through the application of electrical 
?elds to the materials, thereby causing material movement 
through and among the channel and/or chambers, i.e., cat 
ions Will move toWard the negative electrode, While anions 
Will move toWard the positive electrode. 

[0035] As used herein, the phrase “controlled electroki 
netic transport” refers to electrokinetic systems as described 
above, Which employ active control of the voltages applied 
at multiple, i.e., more than tWo, electrodes. Rephrased, such 
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controlled electrokinetic systems concomitantly regulate 
voltage gradients applied across at least tWo intersecting 
channels. Controlled electrokinetic material transport is 
described in Published PCT Application No. WO 96/04547, 
to Ramsey, Which is incorporated herein by reference in its 
entirety for all purposes. In particular, the preferred microf 
luidic devices and systems described herein, include a body 
structure Which includes at least tWo intersecting channels or 
?uid conduits, e.g., interconnected, enclosed chambers, 
Which channels include at least three unintersected termini. 
The intersection of tWo channels refers to a point at Which 
tWo or more channels are in ?uid communication With each 

other, and encompasses “T” intersections, cross intersec 
tions, “Wagon Wheel” intersections of multiple channels, or 
any other channel geometry Where tWo or more channels are 
in such ?uid communication. An unintersected terminus of 
a channel is a point at Which a channel terminates not as a 
result of that channel’s intersection With another channel, 
e.g., a “T” intersection. In preferred aspects, the devices Will 
include at least three intersecting channels having at least 
four unintersected termini. In a basic cross channel structure, 
Where a single horiZontal channel is intersected and crossed 
by a single vertical channel, controlled electrokinetic mate 
rial transport operates to controllably direct material ?oW 
through the intersection, by providing constraining ?oWs 
from the other channels at the intersection. For eXample, 
assuming one Was desirous of transporting a ?rst material 
through the horiZontal channel, e. g., from left to right, across 
the intersection With the vertical channel. Simple electroki 
netic ?oW of this material across the intersection could be 
accomplished by applying a voltage gradient across the 
length of the horiZontal channel, i.e., applying a ?rst voltage 
to the left terminus of this channel, and a second, loWer 
voltage to the right terminus of this channel, or by alloWing 
the right terminus to ?oat (applying no voltage). HoWever, 
this type of material ?oW through the intersection Would 
result in a substantial amount of diffusion at the intersection, 
resulting from both the natural diffusive properties of the 
material being transported in the medium used, as Well as 
convective effects at the intersection. 

[0036] In controlled electrokinetic material transport, the 
material being transported across the intersection is con 
strained by loW level ?oW from the side channels, e.g., the 
top and bottom channels. This is accomplished by applying 
a slight voltage gradient along the path of material ?oW, e.g., 
from the top or bottom termini of the vertical channel, 
toWard the right terminus. The result is a “pinching” of the 
material ?oW at the intersection, Which prevents the diffu 
sion of the material into the vertical channel. The pinched 
volume of material at the intersection may then be injected 
into the vertical channel by applying a voltage gradient 
across the length of the vertical channel, i.e., from the top 
terminus to the bottom terminus. In order to avoid any 
bleeding over of material from the horiZontal channel during 
this injection, a loW level of ?oW is directed back into the 
side channels, resulting in a “pull bac ” of the material from 
the intersection. 

[0037] In addition to pinched injection schemes, con 
trolled electrokinetic material transport is readily utiliZed to 
create virtual valves Which include no mechanical or moving 
parts. Speci?cally, With reference to the cross intersection 
described above, ?oW of material from one channel segment 
to another, e.g., the left arm to the right arm of the horiZontal 
channel, can be ef?ciently regulated, stopped and reinitiated, 
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by a controlled ?oW from the vertical channel, e. g., from the 
bottom arm to the top arm of the vertical channel. Speci? 
cally, in the ‘off’ mode, the material is transported from the 
left arm, through the intersection and into the top arm by 
applying a voltage gradient across the left and top termini. 
A constraining ?oW is directed from the bottom arm to the 
top arm by applying a similar voltage gradient along this 
path (from the bottom terminus to the top terminus). 
Metered amounts of material are then dispensed from the 
left arm into the right arm of the horiZontal channel by 
sWitching the applied voltage gradient from left to top, to left 
to right. The amount of time and the voltage gradient applied 
dictates the amount of material that Will be dispensed in this 
manner. 

[0038] Although described for the purposes of illustration 
With respect to a four Way, cross intersection, these con 
trolled electrokinetic material transport systems can be 
readily adapted for more complex interconnected channel 
netWorks, e.g., arrays of interconnected parallel channels. 

[0039] In the devices, systems and methods described 
herein, controlled electrokinetic transport permits the con 
trolled transport of selected amounts of each of the nested 
sets into a central miXing area. The same electrokinetic 
transport system then transports the miXed sets to and injects 
the mixture into the separation channel. The use of such 
transport systems is particularly useful in light of the elec 
trophoresis step used in the separation process. Such sys 
tems also require little operator input beyond the original 
programming, and are also readily automatable and inte 
gratable With other operations. 

[0040] In addition to providing a facile and readily autom 
atable method of determining the sequence of a target 
nucleic acid, the methods and systems described herein, also 
provide an internal veri?cation system. Speci?cally, because 
numerous overlapping separation, detection and ordering 
stages are run to determine the relative ordering of all of the 
fragments from all of the nested sets, each successive stage 
becomes a veri?cation of the prior stage, permitting more 
accurate ordering of the fragments from the various nested 
sets, and thus permitting more accurate identi?cation of the 
nucleotide present at each position Within the target 
sequence, also referred to as “base calling.” 

[0041] A schematic illustration of an integrated micro?u 
idic device according to the present invention is illustrated 
in FIG. 2. As shoWn, the micro?uidic device 200 includes 
a planar body structure 202, typically fabricated from at last 
tWo mated, planar substrates, as shoWn in FIG. 1. Disposed 
Within body structure 202 is a main channel 204 that ?uidly 
connects buffer reservoir 206 and Waste reservoir 208. Main 
channel 204 is comprised, at least in part, of a separation 
channel portion or Zone 210. As shoWn, the separation 
channel portion 210 has a serpentine geometry in order to 
maXimiZe the separation achieved in the channel, i.e., 
increase the number of theoretical plates, While minimiZing 
the amount of substrate area used. Injection channel 212 is 
in ?uid communication With, e.g., intersects, main channel 
204 at intersection 214. On one side of intersection 214, 
injection channel 212 is in ?uid communication With four 
separate reservoirs 216, 218, 220 and 222. On the other side 
of intersection 214, the injection channel 212 terminates in 
Waste reservoir 224. A detection WindoW 226 is optionally 
provided in the body structure, disposed across the main 
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channel 204 downstream from the separation channel por 
tion 210 to permit the detection of materials separated 
therein. As noted, the device illustrated in FIG. 3 integrates 
the sources of the nested set of fragments Within the same 
body structure that contains the separation channel. 

[0042] In operation, buffer is placed in each of buffer Well 
206 and Waste reservoirs 208 and 224. A ?rst nested set of 
fragments of a target nucleic acid are placed in reservoir 216, 
While a second nested set is placed in reservoir 218. Optional 
third and fourth nested sets are placed in reservoirs 220 and 
222, respectively. By Way of example, the nested set of 
fragments of the target that terminate in the various adenos 
ine nucleotides or nucleotide analogs (A) are placed in 
reservoir 216. Production of these nested sets is typically 
carried out by methods that are Well knoWn in the art, such 
as extension in the presence of dideoxynucleotides (Sanger 
et al., Proc. Nat’l Acad. Sci., 74:5463-5467 (1977)), or 
extension in the presence of boronated nucleotides (Porter et 
al., Nucleic Acids Res. 25(8)-1611-1617 (1997)), or sepa 
rate, partial and selective cleavage at each of the four 
nucleotides (Maxam and Gilbert, Proc. Nat’l Acad. Sci., 
74:560-564 (1977)). A second nested set, such as those 
fragments terminating in, or immediately adjacent to, the 
thymidine nucleotides in the target sequence, is placed in 
reservoir 218. A third nested set terminating in or immedi 
ately adjacent to all of the cytosine nucleotides is placed in 
reservoir 220 While the fragments terminating at or imme 
diately adjacent to guanosine are placed in reservoir 222. 

[0043] UtiliZing controlled electrokinetic transport, a 
selected concentration of each nested set is transported from 
its respective reservoir (216, 218, 220, 222) into injection 
channel 212, across intersection 214, and toWard Waste 
reservoir 224. As described in greater detail above, this is 
accomplished by applying a voltage gradient betWeen (1) 
each of reservoirs 216, 218, 220, 222 and (2) Waste reservoir 
224. As electrophoretic How is related to current ?oW, one 
modulates or selects the relative concentration of the nested 
sets being transported from each of these reservoirs by 
modulating the percentage of the overall current ?oW origi 
nating from each of these reservoirs. For example, assuming 
that 10 pA of current is applied through injection channel 
212, one attains a 70:10:10z10 ratio of each of the fragment 
populations Within the injection channel, by applying 7 pA 
from reservoir 216 and 1 pA each from reservoirs 218, 220 
and 222. The resulting concentration of nucleic acid frag 
ments Within the injection channel is 70% of the ?rst nested 
set (terminating in A), and 10% of each of the second, third 
and fourth nested sets (terminating in T, G and C, respec 
tively). 
[0044] The mixture is transported across the intersection, 
typically in a pinched format, as described above, to prevent 
diffusional leakage into the separation channel. After suf? 
cient time has elapsed to ensure that the mixture traversing 
the intersection is a homogenous mixture, i.e., has no 
electrophoretic biasing, etc., the pinched portion of the 
mixture at the intersection is then injected into the main 
channel 204, by sWitching the voltage gradient to betWeen 
reservoirs 206 and 208. The injected mixture then moves 
into the main channel 204 and into the separation Zone 210, 
Whereupon the various fragments Within the mixture are 
separated by siZe. FolloWing their separation by siZe, the 
fragments are then detected at detection WindoW 226. As 
each of the fragments is from the ?rst or second nested set, 
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separation of these fragments produces a ladder of separated 
molecules (or signal peaks) Where each peak corresponds to 
a fragment having one additional nucleotide added to its 
terminus. The fragments that are present in higher concen 
tration, e.g., those from the ?rst nested set terminating in A, 
produce larger signal peaks than those from the remaining 
sets (e.g., those terminating in T, G or C). From the ladder 
and peak siZe differential, it can be readily determined Which 
positions are occupied by the ?rst selected nucleotide (A in 
the present example). 

[0045] The relative positions of each of the other nucle 
otides is readily determined using the same method, but 
modulating the relative concentrations of the nested sets that 
are being transported across the injection intersection. In 
particular, the next nested set is transported into the injection 
channel at a higher concentration than each of the other sets, 
and this mixture is injected, separated, detected and the 
positions of the terminating base of that set are determined. 
This is again repeated With the remaining sets as needed. It 
bears noting that a fourth step may not be required if there 
s suf?cient con?dence in the separation and characteriZation 
of the ?rst three sets, i.e., the positions occupied by the 
fourth selected nucleotide Within the target sequence are 
determined by elimination. 

[0046] Examples of signal plots from the above-described 
method are illustrated in FIG. 3A-3D. In particular, each of 
FIGS. 3A-3D illustrates a plot of relative ?uorescence vs. 
time as detected at detection WindoW 226. The peaks indi 
cate the fragments that are eluting from the separation 
channel, e.g., passing by the detection WindoW, With the 
smallest fragments eluting ?rst. FIG. 3A illustrates the 
example described above, Where the nested set of fragments 
that terminate in A, or its analog, is injected at a greater 
concentration than the remaining fragments. From the ?g 
ure, it can be discerned that the base A occurs at relative 
positions 1, 3, 8, 9 and 11 in the target sequence. The 
separation is repeated, but Where the second nested set or the 
set terminating in T, is mixed at a greater concentration than 
the remaining nucleotides. This mixture is injected, sepa 
rated and detected as shoWn in FIG. 3B. From the results 
shoWn in FIG. 3B, it is determined that T occupies positions 
2, 7, 10, 14 and 17. FIGS. 3C and 3D illustrate the injection 
separation and detection of the nested sets terminating in G 
and C, respectively. From the plots in FIG. 3C and 3D, it 
can be determined that G occupies positions 4, 13 and 15, 
While C occupies positions 5, 6, 12 and 16. 

[0047] In practicing the methods of the invention, a ?rst 
volume or concentration of the ?rst nested set is mixed With 
a second, lesser volume or concentration of the second 
nested set. A representative fraction or portion of this 
mixture is then injected into the separation channel. Upon 
separation Within the separation channel and detection, the 
different siZed fragments of the ?rst nested set Will produce 
signal peaks corresponding to the molecular Weight or siZe 
of the fragments. These signal peaks also have a ?rst 
amplitude that corresponds to the fragments’ concentration. 
The differently siZed fragments in the second nested set also 
Will produce signal peaks corresponding to their siZe, and 
having a smaller amplitude than the ?rst set, again, corre 
sponding to their concentration. 

[0048] In order to ensure differentiation betWeen the ?rst 
and second nested sets upon separation and detection, the 
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?rst set concentration Will typically be greater than tWice the 
second set concentration, preferably greater three times the 
second set concentration, more preferably, greater than 4 
times the second set concentration, still more preferably, 
greater than ?ve times the second concentration, and often 
greater than about ten times the second concentration. 

[0049] The micro?uidic devices described herein, are typi 
cally part of a larger micro?uidic system that includes the 
devices coupled to a controller unit, e.g., an electrical 
controller, to direct and control material transport, to a 
detector to detect materials being transported through, e.g., 
separated in, the micro?uidic device, and a computer or 
processor to instruct each of these components in their 
operation, e.g., instructing the electrical controller to deliver 
appropriate currents and voltages to appropriate ports of the 
device, and receiving, recording and aiding in the interpre 
tation of the data from the detector. 

[0050] An example of an overall system incorporating the 
micro?uidic devices described above, is illustrated in FIG. 
4. As shoWn, the system 400 includes a micro?uidic device 
200 as shoWn in FIG. 2. The system also includes an 
electrical controller 402 and a detector 404, both of Which 
are operably coupled to a processor or computer 406. The 
electrical controller 402 includes a plurality of electrical 
leads 408 through 420, each of Which is in electrical 
connection With a separate one of reservoirs 206, 208, 
216-224, respectively. The electrical controller operates by 
delivering separate voltages to each of the reservoirs via the 
separate leads, to produce appropriate voltage gradients to 
drive material transport, as described above. 

[0051] In particularly preferred aspects, the electrical con 
troller provides appropriate voltage gradients across the 
length of a channel by applying voltages to reservoirs at the 
termini of that channel, Where the voltages are responsive to 
the amount of current ?oWing through a given channel. In 
particular, in electrokinetic material transport systems, the 
relative potentials at the intersections of the channels dic 
tates the direction and velocity of material movement at 
those intersections. Control of these potentials has previ 
ously relied upon the calculation of applied voltages based 
upon the desired potential at the intersections, and the 
resistance of the channel betWeen the intersection and the 
electrodes at Which voltages are applied. By monitoring and 
controlling the current, the potential at the intersection is 
maintained at the desired level, and the applied voltages are 
self-regulating. Examples of preferred electrical controllers 
are described in, e.g., International Patent Application No. 
PCT/US97/12930, ?led Jul. 3, 1997, and US. Pat. No. 
5,965,001, and are incorporated herein by reference in their 
entirety, for all purposes. 

[0052] In terms of the device shoWn in FIG. 2, the 
controller controls or supplies the voltage applied at the 
buffer reservoir 206, Waste reservoirs 208 and 224, and the 
nested set source reservoirs 216, 218, 220 and 222. Applied 
voltages are modulated, as described above, to selectively 
mix different amounts of each of the nested sets in the 
injection channel 212, and then to inject a portion of the 
mixture into the separation portion 210 of the main channel 
204. 

[0053] Detector 404 is operably coupled to computer 406, 
and is disposed Within sensory communication of the main 
channel 204 of the device 202. “In sensory communication” 
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as used herein, means that the detector is capable of receiv 
ing a detectable signal from the main channel 204. In 
particular, detection of nucleic acid fragments in accordance 
With the present invention typically utiliZes a labeling group 
bound or otherWise associated With the nucleic acid frag 
ment. This labeling group then permits the detection of the 
fragment via transmission of the signal from the label group 
through the detection WindoW, Where that signal is received 
by the detector, and typically transmitted to a computer for 
recording. Avariety of labeling groups may be employed in 
accordance With the present invention, including both 
directly and indirectly associated labeling groups. Avariety 
of Well knoWn labeling techniques are used in labeling the 
nucleic acid fragments described herein. For example, in 
preferred aspects, optical labels, such as ?uorogenic or 
?uorescent groups, chromophoric or chromogenic groups, 
colloidal labels and the like are used in labeling the nucleic 
acid fragments. HoWever, other labeling systems are also 
useful in accordance With these methods, including radio 
labels, labeling With one member of a speci?c binding pair, 
e.g., biotin, avidin or streptavidin. 

[0054] In particularly preferred aspects, the nucleic acid 
fragments are labeled With a ?uorescent moiety, e.g., ?uo 
rescein, rhodamine or derivatives thereof. Examples of 
nucleotides that incorporate such ?uorescent moieties are 
described in, e.g., U.S. Pat. Nos. 4,711,955, 5,171,534, 
5,187,085, 5,188,934, and 5,366,860. In this embodiment, 
the detector is disposed in optical communication With the 
main channel 204, and preferably adjacent to the detection 
WindoW 226. Further, in the case of ?uorescently labeled 
nucleic acid fragments, the detector Will also include a 
source of activation light directed at the main channel 204, 
through the detection WindoW. The activation light typically 
produces light at a suf?cient Wavelength to activate the 
?uorescent group, Whereupon the ?uorescent group emits 
light at a characteristic Wavelength, typically different from 
that of the activation light. Because the system and methods 
of the present invention rely upon the concentration differ 
ences betWeen different nested sets of fragments of the target 
nucleic acid sequence, it is possible, and even preferable to 
use single color detection optics, e.g., a single type of 
?uorescent label, excited With a single light source and 
detected at substantially a single Wavelength. Speci?cally, 
by employing only a single ?uorescent label group, the 
system described herein can employ an excitation light 
source that is optimiZed for that label. This is in contrast to 
multi-color detection schemes Where a single excitation light 
source must produce light Which overlaps the excitation 
spectra of all of the labels used. The result in the case of the 
present invention is to permit ?uorescent excitation and 
detection at much higher ef?ciencies, e.g., higher quantum 
?uorescence yields. 

[0055] The detector also typically includes focusing and 
separation optics for accurately directing the activation light 
through the detection WindoW, and for collecting emitted 
?uorescence as Well as re?ected excitation light. These 
optics also typically separate the re?ected excitation light 
from the emitted ?uorescence, through the incorporation of 
a dichroic mirror, thereby permitting detection of only the 
?uorescent emission. Ultimate detection is typically accom 
plished via an incorporated photomultiplier tube or photo 
diode. A variety of additional optical treatments may be 
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employed in the detector to optimize the detection operation, 
including incorporation of confocal optics, autofocus sys 
tems and the like. 

[0056] The detector is coupled to the computer, Wherein 
the light detected from the main channel is recorded as a 
function of the retention time Within the separation channel. 

[0057] The computer 406 is typically appropriately pro 
grammed to record and store the data received from the 
detector. The computer is also typically programmed to 
instruct the electrical controller to deliver appropriate cur 
rent through the various electrical leads, and to the reservoirs 
of the micro?uidic system, in accordance With the operator’s 
instructions. 

[0058] FIG. 5 schematically illustrates exemplary process 
steps carried out by the computer or processor in accordance 
With its programming. As shoWn, and With reference to the 
device of FIG. 2 and the system of FIG. 4, the computer 406 
begins the operation at step 502, typically at the initiation of 
the user or operator. At step 504, the computer instructs the 
electrical controller to deliver the appropriate currents to the 
ports of the micro?uidic device (206, 208, 216-224) so that 
appropriate concentrations of each of the nested sets are 
transported or loaded into injection channel 212 and across 
intersection 214 toWard Waste reservoir 224. Speci?cally, a 
selected nested set, i.e., a ?rst nested set terminating in a 
selected nucleotide, is loaded at an offset, and typically 
higher concentration. At step 506, the computer instructs the 
electrical controller to change the applied voltages to inject 
that portion of the mixture Within intersection 214, into main 
channel 204, typically With appropriate pinching ?oWs from 
the side channels, as described above. At step 508, the 
computer 406 receives the data from the detector 404, Which 
is located in sensory communication With main channel 204 
via detection WindoW 226, and records ?uorescent intensity 
as a function of the amount of elapsed time since the 
beginning of the operation. This progresses for a preselected 
time period, typically determined based upon the maximum 
expected time for all relevant species to travel through the 
separation channel portion and past the detection WindoW. 

[0059] At step 510, the computer begins analyZing the 
recorded data to differentiate betWeen fragments from the 
?rst nested set and all other fragments. For example, as 
shoWn, at step 510, the computer determines the average 
peak height for all identi?ed peaks in the plot of ?uores 
cence. The computer, at step 512, then selects one peak, i.e., 
the ?rst eluted peak, identi?ed according to its position 
relative to the other peaks, and compares the height of the 
selected peak to the average peak height. If the peak height 
is greater than the average peak height by a preset margin, 
e.g., 1.5x, 2x, 3x, 4x, 5x or the like, then at step 514, the 
computer identi?es that peak as corresponding to the 
selected base for that relative position in the sequence, or 
calls the base. If the peak height is less than the average peak 
height, i.e., by the above-described preset margin, then the 
computer identi?es that peak as not corresponding to the 
selected base for that relative position, and moves on to step 
516. 

[0060] Whether the peak is identi?ed as the selected base 
or not, the computer at step 516, then moves on to the next, 
different peak, i.e., the next peak to elute, and repeats steps 
512 through 516. Once the computer analyZes each separate 
peak, i.e., has no additional peaks to analyZe, then at step 
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518, the computer optionally determines Whether all of the 
nested sets have been analyZed, e.g., in the case of sequenc 
ing operations. If all sets have not been analyZed, at step 520, 
the computer begins loading the next nested set mixture in 
the same fashion as the ?rst, e.g., by applying appropriate 
voltages to the various reservoirs of the device. The next 
nested set is loaded such that a different nested set is loaded 
at an offset or different concentration than the other sets. 
Steps 506 through 520 are then repeated until all of the 
nested sets have been analyZed. In the case of sequencing 
operations, this typically includes four different nested sets, 
Where the fragments in each different nested set terminate in 
a different nucleotide, e.g., dideoxynucleotide or boronated 
nucleotide. 

[0061] If all n nested sets have been analyZed, at step 522, 
the computer provides a report on the relative positions 
occupied by the selected nucleotides from each nested set 
analyZed. In the case Where all four nested sets of nucleotide 
fragments are analyZed, this report Will basically provide the 
nucleotide sequence of the target nucleic acid. Optionally, at 
step 518 the computer instructs the electrical controller to 
load a further mixture of nested sets, e.g., Where the next 
selected nested set, e.g., the second, third, fourth . . . nth, is 
loaded at a higher concentration than the remaining sets. 
Speci?cally, a second, third . . . or nth, nested set, e.g., 

terminating in a second, third . . . or nth nucleotide, is loaded 
at a higher concentration than the other nested sets of nucleic 
acid fragments. The overall process is then performed, on 
the neW mixture of nested sets. This is repeated for each of 
the remaining nested sets of nucleic acid fragments. As 
noted, this is typically repeated for each of the four different 
nucleotides that terminate the various nested sets. HoWever, 
different concentrations of each nested set can be provided 
in each run, to minimiZe the number of process runs required 
to determine the entire sequence. After all n sets have been 
analyZed, then the computer proceeds to step 520 and 
provides the report of relative base positions. 

[0062] Although the present invention has been described 
in some detail by Way of illustration and example for 
purposes of clarity and understanding, it Will be apparent 
that certain changes and modi?cations may be practiced 
Within the scope of the appended claims. All publications, 
patents and patent applications referenced herein are hereby 
incorporated by reference in their entirety for all purposes as 
if each such publication, patent or patent application had 
been individually indicated to be incorporated by reference. 

What is claimed is: 
1. A micro?uidic system for determining relative posi 

tions in a target nucleic acid sequence that are occupied by 
a given nucleotide, comprising: 

a microscale separation channel having ?rst and second 
ends for separating nucleic acid fragments by siZe; 

a ?rst source of a ?rst nested set of fragments of the target 
nucleic acid sequence in ?uid communication With the 
separation channel, each of the fragments in the ?rst 
nested set terminating at a different position occupied 
by the given nucleotide; 

a second source of a second nested set of fragments of the 
target nucleic acid sequence in ?uid communication 
With the separation channel, each of the fragments in 
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the second nested set terminating in a nucleotide dif 
ferent from the given nucleotide; 

a means for mixing a ?rst concentration of the ?rst nested 

set With a second concentration of the second nested set 

in a ?rst mixture, the ?rst concentration being deter 
minably different from the second concentration; 
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a means for injecting a portion of the ?rst mixture into the 
separation channel and transporting the portion through 
the separation channel; and 

a means for detecting separate fragments of the ?rst and 
second nested sets in the separation channel. 

* * * * * 


